In the present study, we measured the extent of spatial summation in the detection of image contrast within the central 408 visual field. Contrast detection thresholds (in 28 observers) were measured for a spot of light of 10 different sizes [area: 0.03-1.92 (8) 2 ] at different retinal meridians (08, 458, 908, 1358, 1808, 2258, 2708, and 3158) and eccentricities (08, 58, 108, 158, and 208). Contrast detection thresholds were significantly affected by the size of the stimulus with sensitivity improving with stimulus size consistent with Ricco's law. Summation curves were similar across different spatial meridians, but the extent of spatial summation increased with retinal eccentricity consistent with previous reports. The size of the stimulus was also shown to affect contrast detection thresholds in the periphery. In particular, contrast detection thresholds decreased more rapidly with increasing eccentricity for a smaller target than a larger one. This difference in performance is accounted for by the accompanying change in Ac with eccentricity. In Experiment 2, we show that spatial uncertainty affected contrast detection, particularly at eccentric locations greater than 58, such that cueing the location of the stimulus improved contrast thresholds. Spatial uncertainty improved overall performance but did not affect the estimates of the critical areas of summation. The results of the present study indicate that, due to spatial summation, detection performance is highly dependent on the size of the stimulus, its eccentric location, and spatial uncertainty. Future perimetric methodologies must consider these factors to improve detection sensitivity.
Introduction
A primary function of the human visual system is to detect contrast variations in an image (e.g., Kelly, 1977; Marr, 1983) . Contrast steps in an image provide a cue to the contrast of important objects and features and are the primary basis for their recognition and the determination of a scene's spatial layout. The detection of contrast is thought to be mediated by neuronal channels that function by pooling or summing the light energy falling within their receptive field (Barlow, 1958; Hallet, 1963) . This process of spatial summation has been well established to be dependent on both the size and temporal duration of the stimulus as both are important factors in determining the amount of light energy available to the visual system (e.g., Hecht, Shlaer, & Pirenne, 1942; Owen, 1971; Weale, 1958) . In the present study, we sought to determine the extent of spatial summation at multiple locations within the central 408 visual field.
Ricco's law (after Ricco, 1877) , which characterizes the process of spatial summation in the detection of luminance contrast, states that the contrast detection threshold monotonically decreases (traditionally assumed as a slope of À1 in log-log coordinates) with stimulus size to a critical area (Ac), beyond which Piper's law (slope of À0.5) or less is observed. Within the Ac, an equal reciprocal relationship exists between the luminance of the stimulus (required for detection) and its size, such that stimulus detection occurs once the product of the luminance and the area of the stimulus is the same or greater than a constant value. This relationship changes for sizes greater than the Ac with partial dependency on stimulus area (Piper's law), such that contrast sensitivity improves with the square root of the stimulus area. Previous research has indicated that Piper's law might reflect a process in which limiting noise affects the spatial summation process (see Meese, 2010; Meese & Summers, 2012; Tyler & Chen, 2000) . Indeed, a number of proposals have been made to account for partial summation in which either the limiting noise affects processing before or after summation and whether the signal transducer is linear or nonlinear (e.g., following a square root law, see Meese & Summers, 2012 , for a review). Such models provide a better characterization for partial summation over traditional assumptions that attribute this process to probability summation. However, the neural mechanism/process that precisely accounts for partial summation remains a focus of research. Spatial summation is no longer observed once the size of the stimulus has far exceeded the pooling regions critical to the detection of contrast. Typically, spatial summation is expressed as L·A k ¼ C, where L is the luminance of the stimulus, A is the stimulus area, k is the summation coefficient, and C is a constant. The degree of summation is reflected in k with complete summation equal to 1 while partial summation is less than this value. No summation is given by a k of 0.
Previous studies have well demonstrated the robustness of Ricco's law, and in particular, the size of the Ac has been shown to be dependent on the luminance of the background, color, and retinal eccentricity (Davson, 1980; Johnson, Keltner, & Balestrery, 1978; Sloan, 1961; Wilson, 1970) . Although the neural mechanism responsible for spatial summation remains at present unclear, previous investigations have provided neurophysiological correlates in the receptive field size (e.g., Dacey, 2000; Dacey & Petersen, 1992) and density of retinal ganglion cells and the degree to which they pool information over the visual field (Barlow, 1958; Garway-Heath et al., 2002; Hallet, 1963; R. Harweth et al., 2010; R. S. Harwerth, Carter-Dawson, Shen, Smith, & Crawford, 1999) . Previous research has also implicated a cortical locus for spatial summation (e.g., Adesnik, Bruns, Taniguchi, Huang, & Scanziani, 2012; Kapadia, Westheimer, & Gilbert, 1999; Sceniak, Ringach, Hawken, & Shapley, 1999) , and the process of spatial summation has been modeled in terms of a population response of neurons working as a network to sum light over localized regions of the visual field (see Dumoulin & Wandell, 2008; Kendrick, Winawer, Mezer, & Wandell, 2013) . Indeed, Pan and Swanson (2006) have proposed a model in which perimetric stimuli (circular spots) might be coded by cortical pooling in the primary visual cortex. They noted that a summation model in which receptive fields resembled those of orientation-tuned simple cells in the primary visual cortex well predicted behavioral data that characterized contrast sensitivity changes with stimulus size.
The observation that the detection of contrast is mediated by a process of spatial summation has direct implications for current perimetric technologies that attempt to map the visual field by determining the contrast sensitivity (of a spot of light) at discrete spatial locations (see Anderson, 2006; Heijl, Lindgren, & Olsoon, 1987; Johnson, Wall, & Thompson, 2011; Katz & Sommer, 1986) . For example, white-on-white standard automated perimetry (SAP), which is recognized as the gold standard in the assessment of ocular disease, typically measures the contrast detection threshold of a Goldmann size III (presented at relatively low photopic light levels at a duration of 100-300 ms to foveal and peripheral locations; see Johnson et al., 2011) . However, as indicated by Ricco's law, contrast detection is dependent upon the size of the stimulus with the Ac scaling with retinal eccentricity (e.g., Flanagan, Wild, & Wood, 1988; Sloan, 1961; Wild, Wood, & Flanagan, 1987; Wilson, 1970) . For example, Wilson (1970) , Sloan (1961) , and Johnson et al. (1978) have measured the spatial summation curves for eccentricities up to 558. In particular, they have noted that, although the shape of the summation curves does not change, the Ac monotonically increases in size with retinal eccentricity. This indicates greater spatial summation at peripheral locations than at the fovea, perhaps reflecting larger receptive fields (and/or density, e.g., Garway-Heath et al., 2002) of peripheral cells responsible for the detection of light information (Dacey & Petersen, 1992) .
It has been well demonstrated that contrast thresholds are location-specific (e.g., Baldwin, Meese, & Baker, 2012; Pointer & Hess, 1989) , and in the present study, we examine the degree to which contrast detection reflects an interdependence of the stimulus size and eccentricity. In particular at larger retinal eccentricities, the size of the test stimulus might be smaller than the Ac, and elevated thresholds reflect spatial summation (e.g., Anderson, 2006; Sloan, 1961) . Indeed, the interdependence of stimulus size, contrast, and retinal location on detection performance has been well recognized in the literature as a major factor in limiting the sensitivity of existing visual field technologies (e.g., Anderson, 2006; Johnson et al., 2011; Redmond, Garway-Heath, Zlatkova, & Anderson, 2010; Wall, Doyle, Eden, Zamba, & Johnson, 2013) . This is especially noteworthy given that the Ac has been shown to change in ocular disease (such as glaucoma, see Fellman, Lynn, Starita, & Swanson, 1989; Redmond et al., 2010) , which limits the effective use of current perimetric technologies in their diagnosis.
Previous studies have acknowledged the importance of the size of the test stimulus in perimetric testing and whether it might be used to improve the detection of visual loss. For example, Anderson (2006) noted that, based on the findings of Wilson (1970) , a Goldmann size III stimulus at peripheral locations falls outside spatial summation within the central 308 radius but is within spatial summation for eccentric locations of 408 and greater. Accordingly, contrast detection thresholds are not equated across the visual field in conventional visual field testing, and scaling the size to ensure equal summation might provide a more effective method of visual field testing. This has been acknowledged by Redmond et al. (2010) , who noted that in glaucoma the Ac is larger in size relative to age-matched normals, and they proposed that future perimetric procedures might change the test size during testing (to equate contrast detection thresholds) to increase group differences between normal and disease populations. The adoption of a different test size stimulus for the detection of visual function in eye disease has also been proposed by Wall et al. (2013) . Here the observation is made that a large test stimulus size (e.g., Goldmann V target) might be more effective in detecting glaucomatous loss (as evidenced by a difference in mean deviation) than a smaller size III target. Accordingly, the recommendation is made to use perimetric procedures that modify the stimulus test size, such as size threshold perimetry (STP) in which the contrast of a target is kept constant, but its size is modulated to obtain a ''size threshold.'' Indeed, it has been reported that STP is more effective in detecting glaucomatous visual field loss than standard procedures that use a fixed stimulus size (Wall et al., 2013) . Other perimetric technologies, such as the Heidelberg edge perimetry, which scales target size with eccentricity, have been shown to be effective in detecting early glaucomatous loss (e.g., Mulak, Szummy, Sieja-Bujewska, & Kubrak, 2012) . However, the effectiveness and validity of these perimetric procedures remain the focus of much research.
Although a number of methods have been proposed that seek to improve measurement sensitivity by modifying and using different test stimulus sizes, the success of such proposals are contingent on understanding and quantifying the extent of spatial summation across the visual field. As mentioned, previous studies have characterized the change in Ac as a function of retinal eccentricity. However, it is important to note that, although these studies have been informative in characterizing the extent of spatial summation in the visual field, they are limited in that they only characterized contrast detection performance using a small number of test sizes along the horizontal and or vertical meridian, usually at one eccentricity, and drawn from a small number of observers (e.g., Sloan, 1961; Wilson, 1970) . Interestingly, no data has been provided that characterizes the extent of spatial summation at other meridians. The lack of data at other angular meridians and the small pool of observers limit their use as ''normative'' data for comparison with current visual field technologies that map performance across the entire visual field and not just to cardinal meridians. As mentioned, ocular diseases, such as glaucoma, shows pattern loss of contrast sensitivity (see Redmond et al., 2010) that is diffuse across the visual field, and thus providing normative data regarding how the Ac changes across the visual field is an important first step in accurately characterizing loss in this eye disease. This was the primary goal of the present study.
Experiment 1: Determining the extent of spatial summation across the central 408 visual field
In Experiment 1, we measured spatial summation curves at eight angular meridians at retinal locations of 08, 58, 108, 158, and 208 of eccentricity using a standard testing paradigm. In a pool of 28 observers, we provide data on how the Ac changes with retinal location and whether differences exist along different angular meridians.
Methods

Participants
Twenty-eight participants (mean age: 20 years) acted as observers in the present study. They were experienced observers but were naïve to the aims of the study. All had normal or corrected-to-normal visual acuity and underwent ophthalmic assessment to rule out any pathology and abnormalities. Corrective lenses were worn during the experiment. Participants gave their informed consent prior to participating in the present study.
Stimulus and apparatus
Stimuli were white circular spots of light presented on a white-gray background (10 cd/m 2 ) for 200 ms (see Figure 1 ). This duration ensured that the stimulus pulse was outside Bloch's law, and the presentation time did not affect contrast detection thresholds (see Barlow, 1958) . There were 10 different stimulus sizes with areas of 0. 03, 0.06, 0.12, 0.24, 0.36, 0.48, 0.72, 0.96, and 1.92(8) 2 (note that these stimulus sizes do not correspond to standard Goldmann test sizes). For foveal conditions, an additional test size of 0.01 (8) 2 was included in testing. These stimuli were presented at meridians (from right horizontal and in a counterclockwise direction) of 08, 458, 908, 1358, 1808, 2258, 2708, and 3158 and at eccentricities of 08, 58, 108, 158, and 208 of eccentricity (see Figure 1 ). This visual field region was chosen as most visual field testing approaches primarily encompass this region (see Heijl et al., 1987; Schiefer et al., 2010) . A black fixation mark (0.068 · 0.068, Weber Contrast À0.2) was placed at the center of the stimulus, on which the participant was instructed to fixate at the beginning of each stimulus presentation. Note that for foveal presentations the fixation mark disappeared 150 ms before the presentation of the stimulus less it overlaps and interferes with contrast detection (see Summers & Meese, 2009 ). For eccentric locations, the fixation mark was present throughout the duration of the trial, but it did not overlap with the stimulus. Stimuli were presented on a linearized CRT (Mitsubishi Diamond Pro 27-in.) monitor that was driven at a frame rate of 100 Hz. A head and chin rest was used to ensure a constant viewing distance of 40 cm. Stimuli were generated on a MacBook Pro computer using custom written software in MATLAB (Mathworks, version 7).
Procedure
The abovementioned stimuli were briefly presented to the observer randomly at one of the eight angular meridians and at one of the five eccentricities. Participants were instructed to maintain central fixation, and after a period of 400 ms, the stimulus was flashed on the screen for a period of 200 ms. A highfrequency beep (duration 50 ms) was sounded 100 ms prior to the onset of the stimulus so that the participants were aware of the subsequent stimulus presentation. The task of the observers was to indicate whether they saw the stimulus or whether no stimulus was present. They indicated their response by pressing keys on a computer keyboard. This also signaled the beginning of the next trial. An adaptive staircase procedure (71% correct performance level) was used to modify the contrast of the stimulus. Initially, the staircase had a starting Weber (contrast level) that was randomly chosen from a range of 0.2-0.15. The step size of the stimulus was initially 0.02, and this was halved after the first and subsequent reversal. After the fourth reversal, the step size was 0.0025 and remained at this level until the end of the staircase. The ''bit stealing'' algorithm of Tyler (1997) was used to increase the gray scale level of the monitor to 12 bits (i.e., 4,096 levels). The staircase lasted for six reversals, and the average of the last four reversals provided a measure of the contrast detection threshold.
Contrast detection thresholds using the abovementioned staircase procedure were measured for each of the 10 stimulus sizes at the eight different angular meridians and at eccentricities of 08, 58, 108, 158, and 208 in a randomized order. Note that at 08 the target spot was only presented centrally. Additionally, locations coinciding with the blind spot were not tested. Observers performed these trials once in five blocks, in which one eccentricity was examined per block. The block order (i.e., the order in which participants were tested at different eccentricities) was randomized within the block and between participants. Within a block of trials, the presentation order of the 10 different test stimulus sizes and locations were randomized, and their staircases were interleaved. Participants performed this task monocularly with their left eye (with natural pupils) and with their right eye patched. Our reason for the methods and procedures used in Experiment 1 is that it is similar to SAP testing approaches, in which observers subjectively responded to a seen spot of light (by pressing a button) that is presented to random locations on the screen without spatial cueing. This allows for a degree of comparison and application to standard perimetric testing procedures used in previous studies and in clinical settings to measure contrast sensitivity.
Results and discussion
In Figure 2 , average contrast detection thresholds (expressed as log DL/L, where DL is the minimum luminance difference required for detection from background L) are plotted as a function of the area of the test stimulus (log deg 2 ) and for different retinal eccentricities (different symbols). To provide a gauge of the variability of observers, in Figure 2 , error bars represent 1 SD of the mean. In addition, for a particular stimulus condition, the observer data was examined as a frequency distribution, and a Gaussian function was fitted to the data (using GraphPad Prism 6). This was performed for 40 different conditions randomly chosen from the over 330 different combinations of test stimulus sizes, meridian angles, and eccentricities. This analysis revealed that, on average, the data of the 28 observers were normally distributed and well approximated by a Gaussian distribution (mean R 2 ¼ 0.771). However, this analysis also noted and included data from observers that deviated by 2 SD or more from the mean.
Note also that vertical lines are indicative of Goldmann test sizes ranging from I to V. The central panel provides data for foveal conditions, and data for different spatial locations are arrayed around the central plot, coinciding with their meridian angle in a counterclockwise direction. Accordingly, angles of 08 and 1808 represented the horizontal meridian, and 908 and 2708 represented top and bottom vertical axes, respectively. Note that for meridians of 08 and 1808 the data represents the average of eight participants who were separate from the 28 whose data are represented in the other plots. Evident in Figure 2 are Ricco-like summation curves: As the size of the stimulus was increased, there was a monotonic decrease in contrast detection thresholds to a critical value beyond which thresholds reflected partial summation (Piper's law) or there is no or minimal improvement. This pattern of data was observed at other meridians and retinal eccentricities. To approximate the contrast detection curves for each eccentricity in each panel and to estimate the degree of spatial summation change with retinal eccentricity, two-segment linear regression analyses (least-squares regression) were performed on these data using GraphPad Prism 6. As it was our goal to estimate the area of critical summation (Ac), this analysis was constrained such that the slope of the first line was fixed to a constant traditionally considered to be À1 (Ricco, 1877) , and the second line (representing partial summation) was allowed to vary with the fit. The curves of best fit (average R 2 ¼ 0.88) are also shown in Figure 2 . The Ac values from these curve fits were separately shown in Figure 4 (see below for a discussion).
A repeated-measures two-way ANOVA conducted separately for each of the eight meridians confirmed that both changing test stimulus size and eccentricity had a significant effect (with ps , 0.0001 for both factors across the eight meridians) on contrast detection thresholds. However, a significant interaction effect was also observed for all eight meridian angles (with ps , 0.0001), which indicated that the summation curves were dependent on retinal eccentricity. For nonfoveal locations, contrast detection curves systematically shift to the right, indicating an increase in the area of spatial summation with retinal eccentricity.
As discussed above and noted previously (see Flanagan et al., 1988; Sloan, 1961; Wild et al., 1987; Wilson, 1970) , sensitivity to contrast is dependent on both the size of the stimulus and its retinal location. To provide an indication of this change across the meridians assessed in the present study, in Figure 3 the contrast sensitivity (as log DL/L) is plotted for six different target sizes as a function of retinal eccentricity. Different panels represents data for the horizontal (08-1808 axis, Figure 3A) , vertical (908-2708 axis, Figure 3B ), and the two oblique axes of 458-2258 ( Figure 3C ) and 1358-3158 ( Figure 3D) . A two-way repeated-measures ANOVA performed separately for each meridian axis revealed a main effect of stimulus size ( ps , 0.0001) and eccentricity ( ps , 0.0001) but also significant interaction effects ( ps , 0.0001) between retinal eccentricity and test size. A number of findings present themselves. First, the size of the test stimulus significantly affected contrast detection thresholds; increasing the test stimulus size significantly improved overall detection performance. Thus, the visual system is more sensitive to larger-than smallersized targets. Second, contrast detection thresholds monotonically increased with retinal eccentricity, highlighting superior performance for foveal presentations compared to peripheral locations. However, the rate at which contrast detection thresholds change with eccentricity is clearly dependent on the size of the stimulus. Note that this threshold change was greatest for the smallest target but became progressively smaller for larger targets. The largest target thresholds were relatively unchanged over the range of eccentricities used in the present study.
These results are in agreement with Sloan (1961) , who originally characterized the dependency of contrast sensitivity on target location and size. Importantly, the present study extends this observation to other angular meridians, allowing extrapolation to clinical visual field testing. A comparison of the data in Figure 3 for each test stimulus size at different meridians did not observe a main effect of meridian angle (with ps . 0.1421). This suggests that for a particular test stimulus size the change in contrast detection with retinal eccentricity is approximately the same for the eight angular meridians examined in the present study. As the plots in Figure 3 are representative of the minimum contrast required for detection at different eccentricities, they provide a comparable description of the ''Hill of Vision'' for different test stimulus sizes. As indicated in Figure 3 , the shape of the hill of vision is dependent on the test stimulus size, and its ''kurtotic'' form is largely determined by whether the stimulus test size falls within or outside the Ac of Ricco's law. Accordingly, existing testing strategies that use a fixed test size might provide a measure of performance that is confounded with spatial summation (see Anderson, 2006) .
As it was the goal of the present study to determine the spatial extent of summation across the visual field, we provide in Figure 4 estimates of the Ac values for different eccentric locations, which correspond to the inflection point of the segmental line fit shown in Figure 2 . Ac values are plotted in polar coordinates as linear DL/L along their respective meridians; the Ac values for different eccentricities are denoted by different symbols. Error bars represent 95% confidence intervals to facilitate comparison between different Acs. Figure 4 clearly shows that the Ac systematically increases with retinal eccentricity. For reference, Goldmann sizes I-III are shown in Figure 4 as dashed circles. A number of findings present themselves. The data in the present study indicates that, for foveal locations, a size I is smaller than the Ac, but test sizes II and III are outside the area of spatial summation but within regions corresponding to partial summation (Piper's law) or complete summation. At eccentricities between 58 and 158, test sizes smaller than and including size II are within the Ac, and at 208, a size III target falls close to the Ac although there is a degree of variability along different meridians. As mentioned in the Introduction, SAP employs a fixed-size target to map contrast sensitivity across the visual field. Because Ac increases with retinal eccentricity as indicated here and in the literature (e.g., Sloan, 1961; Wilson, 1970) , this confirms that a Goldmann size III stimulus (in white-on-white perimetry) will fall within or outside the Ac depending on the retinal eccentricity of the stimulus.
Experiment 2: The role of spatial uncertainty in the detection of contrast and its affect on spatial summation
As noted in Experiment 1, observers were required to detect a spot of light target (of different sizes) presented to random locations in the visual field. As mentioned, we adopted this testing procedure as it accords with SAP testing protocols in which the stimulus location is not cued and observers subjectively respond only to the presence of the stimulus. However, this method might mean that observer responses are influenced by both criterion bias and spatial uncertainty in detecting uncued targets.
Previous studies have examined the issue of spatial uncertainty in the detection of contrast. For example, Carrasco, Penpeci-Talgar, and Eckstein (2000) measured the contrast sensitivity function using peripherally presented targets in which the location of the stimulus was cued or uncued. They reported that when the spatial position of the stimulus was cued and measured objectively using a forced-choice procedure, contrast detection performance was superior to when it was not cued and observers were uncertain about the position of the stimulus (see also Lee, Koch, & Braun, 1997; Lu & Dosher, 1998) . However, the improvement in contrast sensitivity was uniform across all spatial frequencies, which suggests that reducing spatial uncertainty might improve overall detectability due to the general allocation of spatial attention.
Due to the testing methods adopted in Experiment 1, contrast detection thresholds reported in Figure 2 might be influenced by spatial uncertainty and criterion bias, and the degree to which these factors might influence the extent of spatial summation remains unclear. In Experiment 2, we examined this issue by measuring spatial summation curves in two separate conditions in which the location of the target was uncued (using the methods of Experiment 1) or cued and measured objectively using a two-interval forced choice (2IFC) procedure. This issue is additionally noteworthy because uncertainty in location of elements is inherent to SAP, and it remains to be established whether and how performance in perimetric testing might be ameliorated by observers not knowing the position of the target.
Methods
Observers
Five observers participated in the present study. All had normal or corrected-to-normal visual acuity with no history of any visual disorders. One observer (SKK) was an author of the study, and the others were experienced observers who were naïve to the aims of the experiment. Observers gave their informed consent before participating in this experiment.
Stimulus and procedures
The stimulus and procedures were similar to that employed in Experiment 1. However, we measured spatial summation curves at only eight points along the horizontal meridian at: À208, À158, À108, À58, 08, 58, 108, and 208 using the right eye (the left eye was patched) with the spatial location coinciding with the blind spot not tested. We measured spatial summation curves at different eccentricities because, as noted in Experiment 1, the change in Ac was dependent on eccentric location but not on the meridian angle (see Figure 4) . At each eccentric location, contrast sensitivity was measured for six test stimulus sizes of 0. 03, 0.06, 0.12, 0.24, 0.48, and 0.72(8) 2 . Note that for foveal conditions, a smaller test size of 0.01 (8) 2 was used, and 0.48(8) 2 was omitted from the range of sizes tested. For uncued conditions, testing procedures were similar to those employed in Experiment 1. While maintaining central fixation, observers were presented a spot of light (of a particular size, cued by an auditory beep) to one of the eight spatial locations with the testing location randomized from trial to trial. Thus, there was uncertainty in the location of the stimulus as there was a one in eight chance that the stimulus would be presented to each location. This is analogous to Experiment 1 in which the stimulus location was presented to one of eight angular meridians for a particular retinal eccentricity. As in Experiment 1, observers were required to indicate (on the keyboard) whether they saw the stimulus.
For cued conditions, the testing procedure was similar, but the spatial location of the stimulus was cued by the presentation of two vertical black lines (length: 18, width: 0.1258, Weber contrast À0.2) placed 18 above and below the target location to be tested. These lines were briefly presented for 150 ms and disappeared from the display 150 ms before the onset of the stimulus position. As noted above, a limitation of the uncued task adopted in Experiment 1 is that observers are required to subjectively respond ''yes/no'' to whether they saw the stimulus. Accordingly, this subjective task might mean that thresholds are additionally affected by criterion bias. To address this, in cued conditions, contrast detection thresholds were measured using an objective 2IFC procedure. In both intervals, the spatial location of the stimulus was cued, but the stimulus was only presented in one interval. The interval containing the stimulus was randomized from trial to trial. The task of the observers was to judge the interval in which the stimulus was presented, and they did so by pressing the corresponding keys on a keyboard.
In both cued and uncued conditions, contrast detection thresholds were concurrently measured for the six different stimulus test sizes at the eight different eccentric locations with the staircases (corresponding to the 71% correct performance level) randomly interleaved. Sufficient breaks were given to ensure observer vigilance and avoid fatigue. This was repeated at least five times, and the results averaged for the different test size conditions at each spatial location.
Results and discussion
The results (average of the five observers) of Experiment 2 are shown in Figure 5 . In Figure 5 , spatial summation curves for cued and uncued conditions are plotted (as square and circle symbols, respectively) for different retinal eccentricities. Error bars here are representative of 1 SD to provide an indication of the variability between observers. Twoline fits (as in Experiment 1 and shown in Figure 5 as solid lines) to these data provide an estimate of the Ac for cued and uncued conditions and for different retinal eccentricities. These Ac values are plotted in Figure 6 as a function of eccentricity; to facilitate comparison between the two different cueing conditions, error bars are indicative of 1 SEM.
A two-way repeated-measures ANOVA, which examined the effect of stimulus size (factor 1, six levels) and cueing (factor 2, uncued vs. cued) on contrast thresholds were performed separately for the eight different retinal eccentricities. For all eccentric locations, a main effect of stimulus size was observed ( ps , 0.0001), such that increasing stimulus size improved contrast detection performance. This is consistent with spatial summation as noted in Experiment 1 and in previous studies (e.g., Sloan, 1961; Wilson, 1970) . In addition, no significant interaction effect was observed ( ps . 0.3011), which indicated that the effect of changing stimulus size on contrast detection in both cued and uncued conditions was the same.
A main effect of spatial cueing was observed, but only at peripheral eccentricities greater than 58 of eccentricity in both nasal and temporal directions. At these eccentricities, contrast detection thresholds were significantly lower ( ps , 0.0154) when the target location was cued and contrast detection objectively measured using a 2IFC procedure. For the central and À58 and 58 locations, there was no significant difference between cued and uncued conditions ( ps . 0.1078). No effect of cueing at these eccentricities might be accounted for by the fact that observers were instructed to fixate centrally, and the proximity of the target at these locations might mean that they were immediately obvious and detectable. In summary, for the observers who participated in Experiment 2, there was no advantage to cueing the location of the stimulus or employing more objective procedures to quantify thresholds when the stimulus was located close to fixation.
The difference between cued and uncued conditions is summarized in the boxed panel shown in Figure 5 . Here, the difference between uncued and cued conditions is collapsed across different test sizes (as there was no significant interaction effect) and plotted as a function of the spatial position of the target stimulus. Positive values indicate that detection thresholds from cued conditions were lower than uncued conditions. Error bars represent 1 SEM. As shown in this plot, the difference between cued and uncued conditions significantly increased, one-way ANOVA: F(7, 32) ¼ 2.757, p ¼ 0.0233, with retinal eccentricity, such that cueing the stimulus resulted in lower contrast detection thresholds.
Although spatial cueing had an effect on overall contrast detection at peripheral locations, it did not affect the extent of spatial summation (see Figure 6) . For the data shown in Figure 6 , a two-way repeatedmeasures ANOVA was performed to examine the effect of stimulus location (factor 1, eight levels) and spatial cueing (factor 2, uncued vs. cued) on the Ac. This analysis revealed a main effect of stimulus location, F(7, 64) ¼ 5.64, p , 0.0001, such that the Ac increased with eccentricity. This is consistent with the findings of Experiment 1 (see Figure 4) . Additionally, there was no significant interaction effect, F(7, 64) ¼ 0.17, p ¼ 0.9896, which indicated that the change in Ac with retinal eccentricity was the same for both cueing conditions. However, no effect of spatial cueing was observed, F(1, 64) ¼ 0.12, p ¼ 0.7324, which indicated that there was no significant difference in the Ac between cued and uncued conditions. Indeed, the difference between the uncued and cued conditions plotted in Figure 6 (denoted by diamond symbols) is approximately zero across the range of eccentricities examined. The implications of these findings are that while the results of Experiment 1 might be influenced by spatial uncertainty and the subjective method by which data was collected, the Acs reported in Figure 4 inherently reflect the manner in which the neural mechanisms spatially summate light information within their receptive fields.
General discussion
In the present study, we provided data characterizing spatial summation profiles at discrete spatial locations across the visual field within a 208 radius of central vision. We confirm that spatial summation increased with retinal eccentricity, and this change was uniform across different spatial meridians (see Figure 4) . Such an increase is likely to reflect the number of ganglion cells that contribute to spatial pooling (e.g., Harwerth et al., 1999; Garway-Heath et al., 2002) . We also confirmed across different spatial meridians that the increase in Ac largely accounts for the change in contrast sensitivity profiles with targets of different spatial sizes. Notably large targets are easily perceptible, and contrast detection thresholds do not appreciably change with retinal eccentricity (at least up to 208). Smaller targets are, however, dependent on retinal eccentricity with contrast thresholds demonstrating greater change with retinal eccentricity. The degree of change with eccentricity simply reflects whether the tested stimulus size falls within or outside the Ac (see Figure 3) .
In Experiment 2, we note that the spatial uncertainty affected overall contrast detection performance but not the extent of spatial summation. The Ac for conditions in which the stimulus location was cued or uncued remained the same despite contrast detection improving under cued conditions. This finding has implications for perimetric approaches that present targets to multiple locations without cueing their location. In particular, spatial uncertainty might affect contrast detection thresholds for targets presented at eccentric locations, and this has consequences for the use and interpretation of the visual field as a means of assessing eye disease and its progression. In addition, the results of Experiment 2 indicate that the shape of the hill of vision at eccentric locations, as noted in Experiment 1 (Figure 3 ) and in previous studies using visual fields, might be affected by spatial uncertainty. This is certainly consistent with previous observations by Heijl et al. (1987) that peripheral contrast thresholds are more variable than central locations. Given the findings of the present study, this variability might be attributed to spatial uncertainty, and this might be a contributing factor in determining the rate at which contrast sensitivity decreases with eccentricity. Future studies that compare and contrast detection performance (across the entire visual field) between cued and uncued conditions using SAP and with different test sizes would be highly informative. Current perimetric protocols have no ability to cue the spatial location of targets unless custom protocols are used in which testing is undertaken at a small number of locations. Thus, our results indicate that it is not possible to use normative database values to compare data from custom protocols employing a few test points. Finally, it should be noted that the importance of cueing the location of targets is not just limited to visual field testing, but other functional measures of vision, such as letter and word acuity across the visual field. For example, Battista and Kalloniatis (2002) have demonstrated that a right field bias in recognizing words in the periphery was eliminated if the location of the stimulus was cued. Given the general impact of spatial uncertainty on perception, future studies might cue the location of the stimulus to control for perceptual biases and noise.
Our results largely agree with previous studies that originally measured spatial summation curves and their change in the periphery (e.g., Sloan, 1961 , Sloan & Brown, 1962 Wilson, 1970) . It should be noted that the Ac is commonly an estimate derived from the curve fit applied to data, and no convention exists as to which provides the best fit. Consequently, the approximation of the Ac is largely dependent on the number of test sizes examined as well as the number of observers. Unfortunately, previous studies have characterized performance only with a small number of observers (e.g., one to two observers in Wilson, 1970, and Sloan, 1961) or have only used a few test sizes corresponding to Goldmann sizes 0-V (e.g., Sloan, 1961; Sloan & Brown, 1962) , which limits the accuracy in approximating the Ac and estimating the coefficient of summation. These methodological factors might provide an account of the degree of variability in the reported Acs between studies. The present study best avoided these issues as it comprehensively examined spatial summation in a large number of observers using a large number of stimulus sizes and mapped the Ac along cardinal as well as oblique meridians in the visual field. Thus, these data are an important first step in providing a normative database for use in clinical visual field testing and the development of new methodologies to improve task sensitivity by using stimuli always within total spatial summation (Ander- Previous studies examining spatial summation have attempted to quantify the extent of summation by fitting an exponential function to data to derive a single spatial summation coefficient (k) (e.g., Sloan, 1961; Sloan & Brown, 1962) . This method might be limited because the coefficient is derived from a fit over the entire range of stimulus sizes tested (frequently Goldmann sizes 0-V). This is problematic for a number of reasons. First, such a fit would span Ricco's and Piper's areas, which are thought to be subserved by separate physiological mechanisms with different summation profiles. Second, because of the uniform fit, it does not provide a direct measure of the Ac nor take into consideration that the Ac changes with retinal eccentricity. In regards to the latter, it has been reported that the summation coefficient is larger for a small target but is smaller for a larger one, and the coefficient increases with retinal eccentricity. Significantly, Sloan and Brown (1962) argued that the summation coefficient is less than 0.8 for the central field and is greater than this value in the far periphery. However, this coefficient change might simply reflect the increase in Ac with eccentricity. That is, for a given test stimulus size, the summation coefficient increases with eccentricity as it falls further within Ricco's (or Piper's) area. This possibility has not been considered by previous investigations that have attempted to map retinal ganglion density with contrast sensitivity (e.g., GarwayHeath et al., 2002) . Here, it is assumed that the relationship between the coefficient and its change with eccentricity arises because of a change in ganglion cell density and not a change in the Ac itself. Accordingly, a two-line fit (or three-line fit) would be preferential to provide a more valid estimation of spatial summation by separately estimating the Ricco's and Piper's areas of summation and pinpointing the Ac. Note that the present study employed such a fit with a large number of target sizes, and we were able to well characterize Ricco's law and the Ac at various points in the visual field.
As mentioned in the Introduction, it has been recommended that the size of the test stimulus should be scaled with retinal eccentricity such that the test size is the same or greater than the Ac (see Anderson, 2006; Redmond et al., 2010 , Sloan, 1961 to avoid spatial summation. Note that although this procedure would ensure good stimulus detectability (as contrast thresholds are lower at and outside the Ac), it might be impractical to measure for clinical purposes as it is derived by measuring contrast sensitivity with multiple target sizes and at multiple locations. Thus, this is potentially time-consuming and inefficient. More importantly, though, determining and testing close to the Ac does not necessarily improve task sensitivity in detecting visual loss due to eye disease. Note that eye disease is usually accompanied by a loss in retinal cells contributing to spatial summation (Malik et al., 2012; Redmond et al., 2010) . However, a larger test size (or one scaled to the Ac) would activate more cells, contributing to the summation process, and therefore would compensate for any loss arising from retinal damage. For example, Redmond et al. (2010) measured spatial summation curves in a glaucoma and an agematched normal group. They reported that participants with glaucoma had generally poorer contrast sensitivity and larger Acs than age-matched normals. However, the largest group difference in performance occurred for test sizes less than the Ac. For sizes larger than the Ac, the difference in contrast sensitivity between the two groups was minimal presumably because the size of the stimulus activated more cells and compensated for the loss of cells due to glaucoma. Accordingly, using a test stimulus size scaled to the Ac or larger will therefore be a poor group discriminator as both groups will be equally effective in detecting the stimulus.
Future recommendations might employ a test size smaller than the Ac and within Ricco's law, with which group differences in contrast sensitivity are more pronounced. As noted by Sloan and Brown (1962) , the summation profiles in eye diseases, such as macular degeneration and optic neuritis, typically exhibit ''photometric harmony'' (i.e., elevated thresholds across all test stimulus sizes) but also ''photometric dysharmony'' (see Weekers, 1959) in which thresholds are more elevated in the diseased eye, especially at small sizes, due to spatial summation differences. DuboisPoulsen, Magis, Ben-Mansour, and Lanneau (1959) reported that kinetic perimetry isopter changes did not follow expected contraction with dimmer/smaller test size reduction in glaucoma patients. They reported markedly constricted visual fields with smaller/dimmer targets in glaucoma patients, thus identifying a more severe visual field deficit. The failure of kinetic isopters to follow expected changes in patients with ocular disease led Dubois-Poulsen et al. (1959) to coin the term ''photometric dysharmony.'' The now classic studies of Sloan (1961) , Sloan and Brown (1962) , and Wilson (1970) specifically investigated spatial summation in normal and a range of eye diseases to better characterize the effect of spatial summation on the amount of threshold elevation in ocular disease. These studies partially mapped Ricco's law but, more importantly, found many patients with whom smaller test stimuli (within Ricco's law) displayed a larger deficit compared to the use of larger test stimuli. These findings demonstrate that at smaller sizes contrast thresholds between the normal and the diseased eye might be more obvious, and therefore, the use of a small test stimulus size might present a better means of discriminating group differences and detecting visual field loss. This is despite the known optical effects and aberrations that might limit and change the image resolution of a small target on the retina. In this study, threshold values of small test stimuli always fell within the slope of À1 indicating that, despite the image degradation, all the light fell within the area delineated by complete spatial summation. However, the basis of any future recommendations to scale the test size stimulus with eccentricity to increase test sensitivity must be based on data that extensively characterize the spatial summation across the entire visual field and allow a comparable unit of measure when using different test sizes. Although the present study has made an important first step to address this paucity in knowledge, at present, this has not been entirely realized in the literature.
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